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PROPELIER-DRIVEN AIRCRAFT
By Welko E, Gasich

SUITIARY

A comparison 1s presented bebtween the measured take-off
ground run of an alrplane equipped with seven different

. propeller—engine gear-ratio combinations and the computed

distances by two different methods,

In the more simple method (HACA Rep. no. 450, 1932,
entitled "The Calculation of Take-Off Run® by Walter S, Diehl)
the assumption was made that the net thrust, that ls, accel-
erating force, varies linearly with airspeed, In the more
refined method a point-by-point computation was made of the
net accelerating force from instantaneous values of ground

- friction, thrust, drag, and 1ift. (The latter two quantities

were determined with the aid of wind-tunnel tests that
included the effects of the slipstream in the preseiice »f the
ground.) An estlmdtlon of propeller thrust for both nethods
was made by the use of NACA ARR Ho. 3626, 1943 entitled
"Working Charts for the Computation of Propeller Thrust
Throughout the Take-0ff Range" bty Desmond and Freitag.

In the majority of cases, values of ground run calculated
by Diehl's approximate method checked experimental values
within £7 percent but were in error as much as 15 percent in

_the case of a propeller whlch was opcrating at an unfavorable
. power loading. Attempts to improve the accuracy of the

ground-run calculation by use of the reoflined method did nnt
appear warranted unless strictly apnlicable thrust data or an
improved method of thrust computatisn to avold large errors
in unusual cases arc avallable, Tven in the case of highly
loaded propellers The effects of sglipstream on drag are of
gsecondary importance, and furthermorc arc in such a dlrection
as to cause the accelerating forcec to approach more closely
the linear variatlion assumed by Dieckl. '
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INTRODUCTION

With the increased power of modern nllitary aircraft
causing a trend to more highly loaded propellers there 1is
reaso t0 examine conventlonal methods »f computing take—off
run which were basged 2n assumptions which have been verifiled
under less extreme condltlons, For exemple, the widely used
nethod of Diehl (reference 1) 1s based on the assumption that
the net thrust, that ls, accelerating force, decreases with
an increase in alrspeed in a linear fashlon, Usage indicated
this agsumption to be reasonably correct for propellers of
normal sectlion and blade wldth, at thrust loadings (and
accompanying slipstream velocitleg) of 20 pounds per sguare
foot dlsc area. On present-day aireraft, activity factors as
high as 140 are not unusual (obtained in some cases by trailing—
edge extensions giving unusual blade profiles) and thrust
logadings of the order of 70 pounds per square font aré in use.

It night be antlcipated that these factors would suffi-
clently influence the varlation of thrust with alrspeed, or
the lncreased slipstream velociftles would se affect the alr-
plane drag and 11t characteristlecs during the ground run,
that a significant varilation from Diechlls assumpflion would be
enoountered, It therefore appeared appropriate to make use oFf
data obtained from take-off ground-run tests on a number of
propeller installatlons representative of prescnt-day practice
and to compare the results with computatlions based nn the
original slmpliflied assumptlon. Also, since the airplane on
which the tests were run was one on which conslderabls wilnd-
tunnel data werc avallable; both with propecllor operating and
in the presence 2f a ground planc, i1t was possible to deler-
mine accurately the drag and 1ift characteristlcs in the
take-off run and to use these characteristiocs in a morec .refincd
method of take-off calculations.

This report prosents the oxporimentally dotermined take—
off ground run of the test airplanc equlippod with scven dif-
ferent propeller—engine gear-ratio combluatlons 'and conmparcs

these characterlstlcs with thoso which would be computed by
Dichlts method and by a more dctalled method developod horeln,

SY11BOLS
a accoleration, fecot por sccond per scennd

Cp alrplanc drag cocfficicnt

p -
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alrplane 1ift coefficient

propeller dicmeter, feet

dpag of ailrplane, pounds

ééeeleration of gravity, fee?d perisecond ner secsnd
(32.2)

1ift of airplane, pounds

mass of airplane, slugs

coefficlent AT frictinn (0,03)

dynamic pressure, pounds per square foot (3oV*®)

net wheel load

ground-run distaince, fest

wing ares, square feet

propeller thrust, pounds

thrust coefficient (T/pv3a?)

airplane weight, pounds

forces acting in X dilrection

forces acting in Z direction

EQUIPLEIY
The airplene used in the flight tests was a t--place,

inverted—gull-wing dive tomber powered by a 2300 vralke 1r&o-
power alr—cooled radial engine. Flgure 1 lg a drawing °f Tae
airplane showing ites general arrangement while figure 2 is a

front view. Further descripti-n nay be found in the aprendlx.

The serodynamic characterietics of the varlous four-

blade test propellers are as folilous: , -
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Activity factor Thickness ratio, Diameter

Propeller per blede 75~percent radius (£1)
A 103 o.o7g 12,67
B 9 .06 13.5
C 10 ,076 13,67
D 134 .079 11.17
E 11k 057 13,5
F 122 058 13,0

Figure 3 1is a photograph of the templates »f each blade
at three—quarter blade radius, It is seen from this fizure
that the blade of propeller E has been mndlified by extending
the upper camber sheet about two inches beyond the original
trailing edge, thus making all ‘the alrfoll sections of the
blads flapped sections of about 20° flap deflection, Blade F
has been modiflied by extending the lower camber sheet about
two inches with no resulting flap deflectlon,

TEST PROCEDURE

The relative take-off ground runs of the various pro-
peller combinations were compared on the basis of the varia.-
tinn of airplane veloclty wlth ground run. No effort was
made to determine the take-off distance, that is, the distance
in which the alrplane becomes alr-~borne, since this character-
lstlc 1s sublect to conslderable variation depending on pilot
technique, Thus the cffecet, if any, of the various propcllers
on the Y"ailr-borne" spced was not determincd in thesc tests,.

To make the varioue ground runs directly conparable a
standard procedurc wae adopted, Full power was eppllecd with
the airplane at a standstill, Brakes were thon relcasecd, end
the entire run up to well beyond the mininum possible takco—-off
speccd was made in the three-point attitude, The distanco
travorsed and instantancous velocity worc detornined from a
mntion-pleture rcocord »f ground markers at 1l0-foot intorvecls
on the runway. A typical plot »f the ground run obtained by
this method is eshown in figuro 4. All runs werec made with
wind velocltices of 3 miles per hour or lcss and a correction
for wind veloelty was applicd in accordancce with the nctihind
of rofcrence 1l
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COIfPUTATION 1iETHODS ———

A rigorous equation for commubing the ground run »f an
alrplane can be developed as follows:

If the summation of foroces along the Z-axils (Tig. 5) is
made then

L% =0

il

L—-1T+R (1)
or ‘

R=W- L (2)
Considering the forces aeting along the X-axles and neglect-

ing the forces required to accelerate wheel rotation

2‘.X=0=T-—D—g—a-pa (3)

where from Newton'!s second law of motion Hﬂ. le equivalent

to the accelerating force (i.e., net thrust). Substituting
the equivalent value »f equation (2) into (3)

T_D-fgi-a-u(w~m=o (1)

Since the acceleratiomn & may be expressed as

ay
&=V = . | (5)
we have
Uy & op o p o p(w - L) (6)
g ds
nYy
17 vav

=g T-D~ ulv - 1) )
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Integrating - . : -
A vav '
deg = f e &
dés ° o 8T -D-— u(Ww-1L) (&)
or
o[ )
o 8T - CDg8 - p(¥W — Cras)

By plotting the integrand of equatinon (9) as a function
of veloclty and integrating the resultant curve at velocity
increments, the deslred curve »f ground run versus veloclty
nay be obtained, It must be pointed ~ut that both the drag
and 1ift coefficlents are functlons nf thrust coefficient
which varies with velocity; hence the values of Cp and Cj
nmust be determined independently at each veloclty before
being placed in. the lntegrand and used in the integration
process, The variables which must be dealt with in equation
(9) to determine the net thrust are T, Cp, and Cr. The
approximation of the Diehl method assumes that the net thrust
varies linearly from gtatic condition to the Take-off condi-
tion. In contrast, the "refined meth»d" calls for the point-
by-point evaluation of T, Op, and C1, 1in order to deter—
mlne the variation of net thrust with velocity.

For the purpose of the present report the charts of
reference 2 were used to establish the propeller thrust
required by both methods. Tip compreeslibliity losses were
accounted for by a method essentlally the same as that oub-
lined in refcrence 3,

In order to evaluate Cp and C1, for the computatlion
of net thrust by the more refined methnd, wind-tunnel data on
the test airplane in the Ames 4O~ by 80-foot tunncl and 7- by
10-foot tunnel were uscd. In the former, the 1lift and drag
cocfficlont varlation with propellor »perating were detormined,
and in the lattor tho additional cffect »f the ground was
evaluated, By the usc of thesce data the varlatisn of Cp

with Teo and Cp with Te, shown on figure 6, for the test

ailrplane in the take—off attitude, with flaps and gear down,
was dctermined. Thoso valucs werc uscd in the computation
of net thrugt by the morce detailed mothnod,
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RESULTS ~i1D DISCUSSION . -

Flgure 7 shows the comparison between the test date an
the results of two methods of calculation, -The comarisiis
for each propeller-engine gear-ratio combination are presented
at three engine powers: normal rated (2100 bhp), military
(2250 bhp), and take-off (2300 bhp),

It is seen on figure 7 thet the calculated ground—run
curves correlate with the test curves throughout tThe speed
range presented, Quantitatively the curves check very well
except for figures 7(e) and 7(g)s The reason for the dis-
crepancy ln the data in these figures is most likely due to
the incorrect determination of preopeller thrust. Because »F
the relatively small propeller diasmeter and low propeller
rotational speed, the blade angle at 75-percent radius for
the propeller D of figure 7(e) is in the neighborhood of 353,
With the blade at this aigh an angle, it 1s to be expected
That much of the blade will be stalled throughnut the ground
run, making it difficult to evaluate the thrust correctly.

In the case of propeller ‘E (fig. 7(g)), which has deflectod-
Tlap sections, 1t is likely that the use of the charte of
reference 2 may lead to an erroneous value »f thrust since
these charts are based on unflapped blade seotions,

A comparison »f the calculated curves of grownd run
(fig. 7(a) to 7(g)) by the two different mothods shows tho
correlation to be very good. The rcason for this may be
explained by the comparlson »f the net thrusts (l.c., the
thrust available for acceleration) as shown on figurcs &(a)
to 8(5). It is seen that the net thrust as determined by
Dichl's mothod (estimating the thrust at the static con-
dition and the "1ift off" point and drawlng a straight linc
between) checks the valuss detormincd by the refined mothod
with an excellent degree of accuracy. A rcasonablo eoxplana-—
tion for fThis accuracy requires a further study of tho beasic
variables inveolved, ‘

Diehl, in arriving at his assumption of lincar variation
of net thrust, congidered the facts that (1) at a constant
angle of attack the aerodynamic drag will vary as. the square
of the airspeed, (2) the friction drag will vary as the,whool
load (neglecting slipstream effcets), and. (3) the thrust will
vary with a substantlally lincar reclation wilth alrspeed.
Examinin gust the drag coefficliont and its varlation on
figure 9(a), it 1s soon that at the low-speced range of tho
take—off run an appreclable doviation exilsts between the
power—-on value of drag coefficliont and tho constant value
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assumed by Diehl in developing hils methnd, Thies deviatilon
Yields an aerodynamic drag force that ls about 1000 pounds
greater than that obtalned by using the power~off value of

drag coefficient (fige. 9(b)). Thls result leads one to

lngpect the 1ift varlation between the two methods, since wheel
frictlon force is dependent upon 1ift,

Figure 10(a) shows the variation between the power—on
values of 11ft coefflcient and the valus as used to determline
the varlation of wheel friction force with alrspeed for Diehl's
method, It is agaln seen that a wlde devialtlion exists gt the
10thﬁeed range of the run. (The speed range of from 66 fi/sec
to 12 £t/sec corresponds to the speed range for which the
take-off runs are presented on figure 7, l.e., 45 to &5 mph,)
Even though the difference_in 1lift coefflclient used in the
two methods is about ACy = 1,0, the wheel friction drag
difference 1is very sligh% (fig. 10{(b)), The reason for this
slight difference ls because the wheel drag is the product of
the coefficient of friction (u = 0.,03) and the dlfferonce
between the alrplane weight and 1lift. Slnce the wheel friction
drag difference ls only 100 pounds and the acrodynamic drag
difference 1s about 1000 pounds, one would expect the net
thrusts to be off by about 900 pounds and yet the maximum net
thrust deviation of figure &(a) to 8(g) was only 300 pounds.
Figure 11 gives a reasonable explanation for the close agree—
ment of net thrusts as determined by the two methnds. The
propeller of figure 8(a) is used as an illustrative example,
Curve (a) of this figure shows the variation of total airplane
drag as determined by adding the aecrodynamic and friction
drags used in Diehl!s origlnal consideration »f the problem.
Vhen the total drag as used in the reflned method is comparcd
with Dlehl's, it is seen that a very wide discrepancy may be
disregarded since the variation as determined by the refined
method approximates more closely thoe linear variation (curve
(b)) resulting from Diehl'!s final agsumption of a linear nct
thrust variation. It may thon be concluded that for an air-
plane on which the slipstream effccts arc sizable a lincar
variation of total drag ls more closely approximated than for
an alrplane on which the slipstrcam effeccts are negliglble.

Figurc 12 is a summary figure »f the individual pro=-
pellors, It shows & comparison betwoeon the calculated and
exporimental test distances ocovercd at an alrplane specd of
80 miles per hour (approximate take-off gpoed) for 2250, 2300,
and 2100 brake horsgpower.

It 1s scen that the mejority of fthe calculated dlstances
arc in orror by less than x7 percont of the test distances
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except for propellers D (gear ratio = 0,4375) and E at 2300
breke horsepower. The source of error for both of these pro-
pellers is most likely that of thrust estimation as has been
previously explained. The 1lnability to accurately compute the
thrust for these two propellers has directly contrlbuted to
the errors in predlcted take-off dlstance. Hence,lt may be
concluded that, at the present time, the most signirficant
contribution to the more accurate predlction of take—~off run
7111l be that of the provislion of methods for the more
accurate estimatinn of take-off thrust, particularly in the
case of unorthodox propeller designs and of propellers
operating under unfavorable power loading conditions,

CONCLUSIONS

From the examination of the data presented herein the
fallowing conclusions are Grawn: :

1., In a majorlty of cases, values of ground run calcu—
lated by Diehl'!s approximate methnd checked experimental .
values within #7 percent but were in error as ‘much as 10 per-—
cent for a propeller with a deflected trailing-edge flap,
and 15 percent in the case of a propeller which was operating
at an unfavorable power loadlng.

2. Attompts to improve the accuracy of ground-run
calculations by use of a more rigorous methnd do not appear
warranted unless strictly epplicable 1lift, drag, and particu-—
larly thrust data are avallable.

3. Improved methods of thrust computatlon are required
in order to avold large errors (in unusual cases) in Diehlls
nothod, and before any more rigeorous method may profitably
be substitubted for Dichl!s approxinate method.

Ames Aeronautical Laboratory,
National Advisory Committece for Aoronautics,
iloffett Fleld, Callf,
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APPENDIX

A more complete description of the airplane and test
equipnment is presented below:.-

Airplane, general . ~

P8, FHe o v 4 4 4 s 4 4 e s e e e s s e e e e . . HEER
Length, TH. . + © v o ¢ ¢ ¢ ¢ 4 e 4 e 0 e e e . . 38,56
Weight (as tested), 1be « « ¢« « v 4 ¢« + v ¢« « « . « 16,000
Wing laminar-flow-typne sectlions with thickness varying

from 18 percent at root to 15 percent at tip

Area, Sq ft [ L . . . . [ ] L) L * e L 4 [ * * . [ L] . . 375
Engine

Type ¢ @ e & ® 8 8 & & ® B & & 4 ¢ & & & ¥ e s s & » R“‘3350

Ratings

bhp rpm Altitude

TAKe—0FfL o v « . « » « o« o« « o« o o 2300 2800 Sea level
MAILABBEY « o « & o« o« = « « » o « o 2250 2600 2800 ft
MOXMEL « o o o o o o+ o« o = o o o o 2100 24LOO 2500 £t

Gear ratlo. .+ « « + o « « « « » 04375 or 0,5625 (depending
’ ' upon installation)

INSTRUIENTATION

Standard NACA instruments were used to record photo-
graphically, as & function of tlme, quantities from which the
following variables could be obtalned: normal and longitu-
dinal acceleration, nanifold pressure, engine speed, engine
torque, airspeed, and altitude., An observer measured the wind
speed by use of a sensitlve velometer,
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TESTS

The ground-run tests were conducted with the test air-
plane at a gross weight of 16,000 pounds, Flaps were
deflected 35°, oil-cooler and cowl flaps were fully open.
Ground runs were made by alining the airplane at the starting
point and applying the specified power conditionss Vhen .
power conditlons were steady, the instruments were turned »n
by the flight observer and the brakes were released, The air-
plane was kept on a straight course by use of the rudder alone,
and the entire run was made ln the three-point attitude.

Tests were conducted at the two different engine-
propeller gear-ratin combinations of 0.,4375 and 0,5625 because
of the large varlation in the dlamebter »f the propellers
tested, The lower ratio (C.4375) was generally used with the
large dlameter propellers so that excesslve tip speed losses
would not be incurred, Thus propeller 4 was tested at the
045625 gear ratioc; whereas propellers B, G, E, and F were
tested at the 0.,4375 gear ratio, Propeller D, however, was
tested at both gear ratlios. To accommodate the propellers of
13i-foot diameber and larger, the nose-wheel strut of the
eirplane was exbtended in such & fashion that the ground-run
angle of attack was increased nearly 2°, This factor has
been taken into account in the computations. -

The ground-run data from the high-speed camera were
plotted as distance versus time. This curve was then differ-
entlated to give airplane velocity versus time from which a
final curve of ground run versus velocity could be obtained,
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L, * AIRPLANE LIFT

W = AIRPLANE WEIEHT

7T =PROPEFLLER THRUST
D : AERODYNAMIC DRAG
gm INERTIA FORCE.

R =NET WHEFL LOAD

M R = 6ROUND FRICTIONAL FORCE

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 5. — Forces acting on airplane
during ground run.
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Figure 9-Variation of drag coefficient and
derodynamic drag with velocity in
the take-off run.
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